INTRODUCTION
============

Atopic dermatitis (AD) is a common inflammatory skin disease affecting 15\~30% of the children and 2\~10% of the adults \[[@B1]\]. Inappropriate immune response, especially excessive Th2 response, plays an important role in the pathogenesis of AD \[[@B2]\]. Although genetic background is known as an important risk factor for the disease, increased prevalence of the disease due to modernisation of lifestyle suggests that environmental factors also importantly act on the onset of the disease. The composition of the gut microbiota can be altered because of bacterial infections, antibiotic treatment, lifestyle changes, surgical intervention, and instant food consumption \[[@B3]\]. The altered microbiota can affect the immune system and induce misdirected immune responses, rather than immune tolerance, in people with modernised lifestyle. It contributes to increase and induce allergies such as AD and rhinitis \[[@B4]\].

Probiotics are generally defined as live microorganisms that are thought to confer health benefits when consumed \[[@B5]\]. Oral administration of probiotics is an attractive approach to modulate immune responses by altering the microbiota. Therefore, numerous studies have been conducted to evaluate the effect of probiotics on a variety of immune disorders \[[@B6][@B7]\]. In our previous study, we investigated the immunomodulatory effects of 26 strains belonging to *Lactobacillus* spp. isolated from Kimchi, a traditional fermented Korean dish among them, four strains were identified to be effective in maintaining homeostasis between Th1 and Th2 responses *in vitro* \[[@B8]\]. In order to elucidate whether the four selected strains affect the induction of AD, the symptoms and immune responses were studied in mice with AD induced by the topical application of house dust mite *Dermatophagoides farinae* body (Dfb) extract followed by administration of the strains \[[@B9]\]. Two of the four selected strains, CJLP55 and CJLP133, showed a definite effect on immune response modulation during the induction of AD. Although it is very meaningful to identify the lactic acid bacteria that have a preventive effect on AD, they do not show the effect on patients already suffering from AD. Based on the questions that arose from a prior study \[[@B9]\], in this study, we investigated whether the administration of CJLP55 can treat AD after its onset. To examine the therapeutic effect of CJLP55, AD was primarily induced for three weeks in NC/Nga mice; later, CJLP55 strain was administered in mice for eight weeks. We also examined the effect of *Lactobacillus* spp. on infiltration of effector cells into the skin lesion and immunological responses from the axillary lymph nodes.

METHODS
=======

Animals
-------

Six-week-old female mice were purchased from Central Lab Animal Incorporation (Seoul, Korea), randomised, and maintained under specific pathogen-free conditions under controlled temperature of 24±2℃ and light/dark cycle of 12 h/12 h. All experimental procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the protocol was approved by the Chung-Ang University Institutional Animal Care and Use Committee of the Laboratory Animal Research Center (IACUC number: 14-0034).

Induction of AD
---------------

The dorsal portion of the mice were shaved using an electric clipper and hair removal cream. In order to disrupt the skin barrier, 150 µL of 4% sodium dodecyl sulfate was applied on the shaved surface 4 h before Dfb ointment application. Then, 100 mg Biostir AD (Biostir, Hiroshima, Japan), an ointment containing Dfb extract, was applied onto the precisely shaved dorsal surface. Non-induction mice were applied vaseline instead of Dfb extract. Topical application of the ointment was accomplished twice a week for 21 d ([Fig. 1A](#F1){ref-type="fig"}). From day zero, the mice were administered dietary powder mixed with lyophilised *Lactobacillus* strains daily, and the ointment was applied once a week to maintain AD induced by the Dfb extract.

Microorganisms and diets
------------------------

*Lactobacillus plantarum* CJLP55 (KCTC 11401BP) was obtained from CJ Foods R&D Center, CJ CheilJedang Corporation (Suwon-si, Gyeonggi-do, Korea). Lactobacilli were incubated in MRS broth at 37℃ for 24 h and were lyophilised. A mouse was fed 5 g of dietary powder daily, which was uniformly mixed with 1×10^5^, 1×10^7^, 1×10^9^, 1×10^10^ CFU of CJLP55, respectively. In the case of heat-killed CJLP55 group, mice were administered with 1×10^10^ CFU of heat-killed CJLP55 daily. Fresh feed was maintained by replacing the feed daily. Dexamethasone, positive control for treatment, was applied to the dorsal skin twice a week (50 µg/mouse).

Evaluation of dermatitis scores
-------------------------------

The severity of dermatitis was evaluated on the 0, 14, 28, 42, and 56 d. The degree of four symptoms---erythema/hemorrhage, scarring/dryness, excoriation/erosion, and edema---was scored as, zero (none), one (mild), two (moderate), or three (severe). The dermatitis score was calculated as the sum of these four scores.

Measurement of IgE in serum
---------------------------

On day 28, blood specimens were collected and total immunoglobulin E (IgE) levels were measured by ELISA. Briefly, immunoplates were coated with the purified IgE antibody overnight, blocked for 1 h with 3% BSA in PBS, and then incubated with appropriately diluted serum samples overnight. The bound IgE was detected using biotinylated antibodies and streptavidin-alkaline phosphatase. Nitrophenyl phosphate was used as a substrate for color development.

Histological analysis
---------------------

The dorsal skins were excised on d56, fixed in 10% phosphate-buffered formalin, and embedded in paraffin. The skin sections were cut at 4-µm thickness, and stained with hematoxylin and eosin (H&E) for the measurement of skin thickness. Toluidine blue and Congo red stains were used to analyse the number of mast cells and eosinophils, respectively. Cell infiltration was observed under a microscope at 400× magnification.

Evaluation of cell population in the axillary lymph nodes
---------------------------------------------------------

For evaluation of total cell count, the axillary lymph nodes were homogenised, and the cells in suspension were stained with 0.4% trypan blue. For the determination of number of T cells, B cells, macrophages, and dendritic cells, the cell suspension was incubated with FITC-labeled anti-Thy1.2, anti-CD19, anti-F4/80, and anti-CD11c monoclonal antibodies, respectively, on ice for 30 min. The cell populations were investigated by using a BD Biosciences FACSCalibur using CellQuest Pro software.

Determination of cytokine production in the axillary lymph node cells
---------------------------------------------------------------------

The cells purified from the axillary lymph nodes were cultured with 10 µgmL^−1^ Dfb extract for 48 h. The culture supernatants were collected for the measurement of cytokine levels. Interleukin (IL)-4, IL-5, IL-10, IL-12, interferon (IFN)-γ, and IL-6 levels were measured by ELISA as described above.

Statistical analysis
--------------------

Statistical interpretation was conducted by Student\'s *t*-test. Results are expressed as mean±SD. p values\<0.05 were considered significant and are indicated by asterisks in the figures.

RESULTS
=======

Effect of orally administered CJLP55on AD symptoms inNC/Nga mice
----------------------------------------------------------------

To evaluate the therapeutic effect of CJLP55 on AD, AD was induced in mice by topical application of Dfb extract for 21 d prior to the administration of *Lactobacillus* spp. Mice with induced AD showed similar degree of symptoms. On day zero, mice were administered diets containing various concentrations of CJLP55, and the Dfb application was performed once a week to maintain AD. On day 14, mice treated with dexamethasone, a positive control used in the study, exhibited a significant recovery of the skin lesion ([Fig. 1B and 1C](#F1){ref-type="fig"}). High doses of CJLP55, such as 10^9^ and 10^10^ CFU/mouse, showed a little improvement in the dermatitis score, while low doses of CJLP55, such as 10^5^ and 10^7^ CFU/mouse, and heat-killed CJLP55-treated group showed no effect on the score. After day 28, symptoms of dermatitis almost disappeared in the dexamethasone-treated mice. All CJLP55-administered groups without CJLP55-5 group, displayed a great recovery in a dose dependent manner after day 42. On the final day of experiment, CJLP55-9 and CJLP55-10 administration reduced the dermatitis score to more than half of that of control, and the difference in the effect was not observed for 10^9^ and 10^10^ CFU/mouse group. Administration of CJLP55-7 clearly diminished the manifestation of dermatitis, but showed only half of the effect than that of CJLP55-9 and CJLP55-10. CJLP55-HK also exhibited the effect by reducing the dermatitis score, although less effect than 10^7^ live bacteria. The lowest concentration of CJLP55 did not notably lower the dermatitis score throughout the experimental period. Additionally, it is well known that serum IgE concentration is generally elevated in patients with AD. As shown in [Fig. 1D](#F1){ref-type="fig"}, IgE level in the control group was significantly higher than that in mice in the non-induction group. CJLP55-administered mice showed lower serum IgE levels with the exception of mice administered with 10^5^ CFU of CJLP55. Similarly to regulation of dermatitis symptom, CJLP55-9 and CJLP55-10 showed higher effect on IgE regulation, without a significant difference between the two groups. Heat-killed CJLP55 administration also downregulated IgE levels in serum. Thus, CJLP55 possibly may have a therapeutic effect that could alleviate the symptoms of AD depending on the concentration of the administered strain. Furthermore, heat-killed bacteria showed a therapeutic effect, although a weaker effect than living lactic acid bacteria.

CJLP55 administration decreased skin thickness induced by Dfb application
-------------------------------------------------------------------------

Lichenification is a symptom of chronic AD that is characterised by thickening and darkening of the skin. After the administration of lactic acid bacteria for 56 d, H&E staining was conducted on the dorsal skin lesion. The thickness of the dermis was measured to evaluate the progress of lichenification. The mice in the control group showed epidermal hyperplasia, but it was not observed in mice in the non-induction group ([Fig. 2A and 2B](#F2){ref-type="fig"}). The epidermal layer was five times thicker in mice in the control group than in mice in the non-induction group. This indicates that lichenification clearly occurred in dermatitis induced by Dfb extract. Dexamethasone-treated mice showed recovery in the increased thickness of the skin, which was similar to mice without dermatitis. In contrast, administration of 10^7^, 10^9^, and 10^10^ CFU of CJLP55 exhibited a dose-dependent reduction in the skin thickness. Heat-killed CJLP55 also showed an effect on restoration of lichenification, but displayed only a similar degree of effect as shown by CJLP55-7. Collectively, administration of lyophilised CJLP55 prevents dermal hyperplasia, except at a low dose, and heat-killed strains exhibit the effect, which is weaker than that of the live strain.

Local infiltration of mast cells and eosinophils after administration of CJLP55
-------------------------------------------------------------------------------

Infiltration of mast cells and eosinophils in the skin is involved in the induction of AD. Infiltrated mast cells in the skin lesion were visualised with toluidine blue and counted ([Fig. 3A and 3B](#F3){ref-type="fig"}). Consistent with the results of dermatitis symptoms, these results showed that dexamethasone effectively regulated the mast cell infiltration during induction of AD, and CJLP55 suppressed the accumulation of the mast cells in the dorsal skin lesion in a dose dependent manner, excluding CJLP55-5. Unlike previous result of CJLP55-HK, heat-killed CJLP55 administration did not show any effect on infiltration of mast cells. Histological analysis by Congo red staining indicated that the number of eosinophils was significantly increased in the skin of AD-induced mice ([Fig. 3C and 3D](#F3){ref-type="fig"}). The mice treated with Dexamethasone and all doses of CJLP55 blocked eosinophil infiltration in the skin lesion. Heat-killed CJLP55 also suppressed the eosinophil infiltration to 20% of that noted in mice in the control group. Thus, CJLP55 administration suppressed infiltration of mast cells and eosinophils, and the effect on the eosinophils was more distinct than that on the mast cells.

Population of the axillary lymph node cells regulated by orally administered CJLP55
-----------------------------------------------------------------------------------

The axillary lymph nodes are a type of lymphoid organs present near the dorsal surface of the skin, and are involved in eliciting immune response in mice with AD. Enlargement of the axillary lymph nodes was observed in mice with AD, but not in non-induction mice. Therefore, we analysed the change in number of immune cells in the axillary lymph nodes to elucidate the alteration in lymphoid organ near the skin. Total cell number in the axillary lymph node of mice in the control group increased five-fold as compared to that in the axillary lymph node of mice in the non-induction group, which can be inferred from the change in the size of the lymph node ([Fig. 4A](#F4){ref-type="fig"}). The number of T cells, B cells, macrophages, and dendritic cells was analysed along with the total number of cells in axillary lymph node. The mice with AD in the control group showed a significant increase in the number of immune cells as compared to mice without the disease in the non-induction group ([Fig. 4B\~4E](#F4){ref-type="fig"}). The number of total cells, T cells, B cells, macrophages, and dendritic cells were extremely low in dexamethasone-treated mice than in non-induction mice. Oral administration of 10^9^ and 10^10^ CFU of CJLP55 lowered the number of cells analysed in these experiments. The lowest dose of CJLP55 did not show any effect on controlling the number of most cells increased by AD, and a slight decrease in the effect was observed in the case of dendritic cells. In contrast, administration of 10^7^ CFU of CJLP55 also showed the regulatory effect on increased immune cells, except on macrophages. In mice administered with heat-killed CJLP55, the cell number modulating effect was noted to be similar to that of the high dose group. These results suggest that administration of CJLP55 lowered the number of immune cells increased due to dermatitis.

Administration of CJLP55 decreases the cytokine production in lymph node cells
------------------------------------------------------------------------------

To determine whether orally administered CJLP55 affects the production of various cytokines, cells isolated from the axillary lymph nodes were cultured with Dfb extract for 48 h, and then, the concentration of cytokines in the supernatant was analysed. Levels of Th2 cytokines, such as IL-4 and IL-5, produced by the lymph node cells were increased in AD-induced mice in control group without *Lactobacillus* administration ([Fig. 5A and B](#F5){ref-type="fig"}). Administration of more than 10^9^ CFU of CJLP55 decreased the production of the two Th2 cytokines in a dose dependent manner. However, 10^7^ CFU CJLP55 and heat-killed strain exhibited the reducing effect on the production of IL-5 but not IL-4, and the lowest dose of CJLP55 did not show a regulatory effect on both cytokines. The elevated production of IL-10, IL-12, IFN-γ, and IL-6 in mice in the control group was lowered by administration of CJLP55 in a dose dependent manner. Heat-killed CJLP55 showed a regulatory effect on the production of these cytokines. These results suggest that CJLP55 strain decreased the production of various cytokines regardless of sub-population of the T cells.

DISCUSSION
==========

Modulating allergic disease using probiotic is a promising strategy and it has been reported in many studies \[[@B10]\]. In particular, among various allergic disease, studies about the role of the probiotic in atopic dermatitis have been briskly conducted. Although various types of organisms belong to the probiotic, lactobacilli and bifidobacteria which are well known to be effective in atopic dermatitis \[[@B11][@B12]\]. In our previous study, we described the prophylactic effect of lactobacilli CJLP55 that is able to suppress the induction of AD in NC/Nga mice \[[@B9]\]. Other lactobacilli were also tested for their suppressive effect in the development of AD \[[@B13][@B14][@B15]\]. The experiments in this study were accomplished similar to those in our previous study. These previous studies focused on the preventive effect of lactic acid bacteria on AD because the induction of AD was performed after the administration of *Lactobacillus* spp. Therefore, we wanted to study if CJLP55 has a therapeutic effect on AD induced by Dfb extract along with its preventive effect. AD was preferentially induced for 21 d and CJLP55 was administered in mice for the next 56 d. On day zero, the mice in the control group exhibited a similar dermatitis score as the mice in the other group without non-induction group. After the administration of the lactic acid bacteria, the dermatitis score reduced in a dose dependent manner. The dermatitis scores were evaluated by observing erythema/hemorrhage, scarring/dryness, excoriation/erosion, and edema as defined by Matsuda et al. \[[@B16]\]. Therefore, it was observed that the administration of CJLP55 effectively regulated various clinical symptoms associated with AD. IgE dysregulation is correlated with severity of AD and is affected by abnormality of the skin barrier, a key factor in AD \[[@B16][@B17]\]. IgE level was determined to assess the degree of AD because it is observed in many other studies with a model similar to that in our study \[[@B18][@B19][@B20]\]. In this study, significant increase in serum IgE was observed in the mice with AD in the control group. Orally administered live and heat-killed CJLP55 decreased the serum IgE levels. It suggests a possibility that CJLP55 is able to modulate the immune activation of mast cells and eosinophils, because these cells have the surface receptor for IgE to induce their activation and secretion of inflammatory mediators. In the present study, the skin thickness was used as an indicator of lichenification, frequently found in chronic AD. The dermal thickness in CJLP55-administered mice was lowered in a dose dependent manner as compared to that in mice in the control group. It indicates that CJLP55 administration improves the skin condition decreasing discomfort and deformation of the skin. The infiltration of various immune cells, such as mast cells and eosinophils, into the skin lesion is a characteristic feature of AD \[[@B21][@B22]\]. In the skin of mice with AD, mast cell infiltration was significantly increased and the administration of CJLP55 over 10^7^ CFU/mouse reduced the infiltration. Mast cells play a central role in AD through degranulation of inflammatory mediators by binding IgE onto the cells. Decreased infiltration of mast cells by CJLP55 administration is expected to have a role in reducing inflammation of the skin. The infiltration of eosinophils was effectively regulated by orally administered CJLP55, more than the regulation of mast cells. Although tissue eosinophilia is not a key factor in AD, it is believed to mediate the pathogenetic late-phase immune reaction involved in the destruction of the inflamed tissue \[[@B23]\]. Eosinophils also play an important role in inducing allergic reaction through the production of cytokines, such as IL-4 and IL-13. These two cytokines act as regulators of T and B cells \[[@B24]\]. Based on the role of eosinophils, their regulation by CJLP55 may affect the late-phase reactions and the function of T and B cells. We also analysed the cell population in the axillary lymph node. In mice with AD, the axillary lymph nodes were enlarged and the total cell number was significantly increased. The number of T and B cells, involve in adaptive immune responses, were also increased. Dendritic cells and macrophages, participating in antigen presentation, were also augmented in the axillary lymph node by induction of AD. Immune cell accumulation by excessive immune activation was adequately regulated after high dose of CJLP55 was administered in mice. This result suggests that *Lactobacillus* spp. isolated from Kimchi have the ability to regulate immune responses. To confirm the immunological responses in the local tissue, the cells from axillary lymph nodes were isolated from the experimental mice on day 56 and cultured with Dfb extracts to determine the alteration in cytokine production by lymphocytes. High dose of CJLP55 inhibited the production of Th2 cytokines, such as IL-4 and IL-5, expectedly. Various cell types produce IL-10. IL-10 is generally known to regulate immune responses efficiently, but it also plays an important role in Th2 response to antigen and in eosinophil infiltration in the skin \[[@B25]\]. The production of IL-10 was significantly increased in AD-induced mice, and CJLP55 alleviated the production in a dose dependent manner. It is well known that Th1 and Th2 differentiation are mutually controlled by IL-12 and IFN-γ, respectively, which are representative Th1 cytokines \[[@B26]\]. However, the levels of IL-12 and IFN-γ are increased in chronic AD \[[@B27]\]. Although immune reaction of Th2 cells is mainly responsible for the development and progress of AD, Th1 cells are also involved in chronic states of the disease. In our experimental setting, the production of cytokines induced by Dfb stimulation was analysed. Dfb-sensitised lymphocytes showed a more strong response to the antigen than the non-sensitised lymphocytes did, and the production of IL-12 and IFN-γ was significantly increased in mice in the control group. Orally administered CJLP55 regulated the level of these two cytokines and it indicates that *Lactobacillus* spp. regulated lymphocyte activation induced by antigen stimulation. The association of IL-6 to AD has not been fully known until now. Increased IL-6 production and the difference of IL-6 genotype was observed in patients with AD \[[@B28][@B29]\], but most studies involving AD do not confirm the effect on IL-6, maybe because of its unexplained mechanisms. In this study, IL-6 production from the lymph node cells was increased in mice in the control group, and CJLP55 suppresses it in a dose dependent manner. This result suggests the need to further study about the role and regulation of IL-6 in AD.

Heat-killed CJLP55-administered mice were maintained as an experimental group in this study because some studies reported that non-viable microbes also exhibit the health benefits of probiotics \[[@B30]\]. In our study, 10^10^ CFU of live CJLP55 were heat-killed and administered in mice. The mice in this experimental group showed an improvement in AD, which was similar to the effect of 10^7^ CFU of live lactobacilli-administered group. These results indicate that heat-killed CJLP55 also has a therapeutic effect due to its component, but it causes a reduced effect as compared to that of live microbes. Other previous studies have reported that dead lactic acid bacteria have immunomodulatory effects similar to this study. In these studies, it is anticipated that the components of the cell wall affect the innate immune cells and thus exhibit immunomodulatory effects. However, studies that elucidate the specific component of lactic acid bacteria have not been done at present. It should be studied further for obtaining a clear understanding of *Lactobacillus* spp. and its application in human diseases.

In conclusion, orally administered viable and heat-killed CJLP55 suppressed the skin inflammation and AD-like skin lesions, and altered the immune cell populations and activation. These results suggest that CJLP55 may have a therapeutic potential in the treatment of AD.

This research was supported by the Chung-Ang University Excellent Student Scholarship and the CJ CheilJedang Corporation.

**Author contributions:** S.J.K. and D.K.L. managed overall mice-related experiments. Y.W.J. and K.H.H. performed the cell-based assay experiments. E.S.P. performed histological analysis. B.S.M., B.J.K. and H.Y.A. performed preparation of lactic acid bacteria. K.W.H. S.Y.P. and U.D.S. supervised and coordinated the study. H.K.E. wrote the manuscript and managed whole experiments.

**CONFLICTS OF INTEREST:** The authors declare no conflicts of interest.

![Experimental procedure and effects of orally administered CJLP55 on atopic dermatitis induced by house dust mite extract.\
(a) Experimental procedure for induction of atopic dermatitis and administration of lactobacilli was illustrated. Day zero is defined as the first day of administration of CJLP55 strain. (b) The dermatitis scores were evaluated by observing erythema/hemorrhage, scarring/dryness, excoriation/erosion, and edema. The score was noted once every two weeks until day 56. (c) The photographs were obtained in week eight before the mice were sacrificed. The photographs of NC/Nga mice with Dfb-induced dermatitis were obtained on day 55. (d) The level of total IgE in collected serum on day 28 was determined by ELISA. Data are shown as mean±SD of changes in the dermatitis score and total IgE level of five mice (n=5). ^\*^p\<0.05; ^\*\*^p\<0.01; ^\*\*\*^p\<0.001 compared with control.](kjpp-21-335-g001){#F1}

![Effect of orally administered CJLP55 on the thickness of the dorsal skin.\
(a) Histological analysis of the skin lesion after H&E staining. This is a representative image of five mice. (b) Epidermal thickness of the dorsal skin was measured. Data are shown as mean±SD of changes in the skin thickness of five mice (n=5). ^\*^p\<0.05; ^\*\*^p\<0.01; ^\*\*\*^p\<0.001 compared with control.](kjpp-21-335-g002){#F2}

![Effects of orally administered CJLP55 on infiltration of mast cells and eosinophils in the inflammatory site.\
The paraffin block of the dorsal skin was sectioned and stained with toluidine blue (a) and congo red (c) for mast cells and eosinophils, respectively. The number of mast cells (b) and eosinophils (d) were counted under a microscope. Data are shown as mean±SD of five mice. ^\*^p\<0.05; ^\*\*^p\<0.01; ^\*\*\*^p\<0.001 compared with control.](kjpp-21-335-g003){#F3}

![Effects of orally administered CJLP55 on the axillary lymph nodes in NC/Nga mice.\
(a) Total cell number was measured from cell suspensions of the axillary lymph nodes. The number of T cells (b), B cells (c), macrophages (d), and dendritic cells (e) was analysed by flow cytometry. Data are shown as mean±SD of five mice. ^\*^p\<0.05; ^\*\*^p\<0.01; ^\*\*\*^p\<0.001 compared with control.](kjpp-21-335-g004){#F4}

![Effects of orally administered CJLP55 on the cytokine production in the axillary lymph node cells.\
On day 56, axillary lymph node cells were isolated and cells were stimulated with 10 µgmL^−1^ of Dfb extract for 48 h. The concentration of IL-4 (a), IL-5 (b), IL-10 (c), IL-12 (d), IFN-γ (e), and IL-6 (f) was measured by ELISA. Data are shown as mean±SD of three independent experiments. ^\*^p\<0.05; ^\*\*^p\<0.01; ^\*\*\*^p\<0.001 compared with control.](kjpp-21-335-g005){#F5}
